The enzymes involved in tryptophan biosynthesis have been analyzed in a variety of fungal strains and a few other microorganisms. 
sedimentation behavior of anthranilate synthetase, phosphoribosyl-transferase, N-(5'-phosphoribosyl)-anthranilate isomerase, and indole-3-glycerophosphate synthetase, five different patterns of enzyme association could be recognized. The distribution of these patterns was used to evaluate several specific features of proposed phylogenetic relationships in the fungi. A closer relationship between Chytridiales and Aspergillales is postulated, eliminating the Zygomycetes and the Endomycetales as probable intermediates; the latter groups are considered to be sidelines. The data support the idea of a polyphyletic origin of the phycomycetes and suggest that anascosporogenous yeasts tested are related to the heterobasidiomycetes rather than to the Endomycetales. A possible sequence of changes leading to the various patterns of organization of the tryptophan pathway during the course of evolution is also proposed.
The presently held schemes of phylogenetic relationships among fungi are based mainly on morphological criteria and on life cycle studies (7, 19, 30) . Some understanding of evolutionary trends, such as the development of the dikaryophase and the elaboration of fruiting bodies, has been attained, but many aspects of phylogenetic relationships remain uncertain. Apart from the composition of the cell wall (2, 38) , little use had been made in studies on fungi of physiological or biochemical approaches as a basis for phylogenetic interpretations. However, with plants and animals, as well as with bacteria, extensive studies of macromolecules, nucleic acids, and proteins, and comparative physiological investigations, have provided additional bases for evolutionary considerations (10, 25) .
The diversity found in the biochemical organization of the tryptophan pathway (9, 16) Switzerland. analyzed in detail, differences have been found both in the gene-enzyme relationships and in the organization of the reactions in separable protein components (Fig. 1) . The genetic control of the enzymes is illustrated on the left half of Fig. 1 ; the arrows indicate the enzymes which are influenced by the various loci. In Escherichia coli and Salmonella typhimurium, the genes are closely linked and arranged in operons (3, 5, 8, 22, 27, 32, 41) ; in the fungi, the tryptophan genes are each located on a different linkage group (1, 4, 28, 31) . The genetic pleiotropism observed is due to differences in the molecular organization of the enzymes as illustrated on the right half of Fig. 1 . In E. coli and S. typhimurium, tryptophan synthetase is reversibly dissociable into two active subunits (9, 12, 40 ; E. Balbinder, personal communication), the active components which catalyze anthranilate synthetase and phosphoribosyl (PR)-transferase form a complex (6, 23) , and activities 3 and 4 are found in a single component (8, 13) . Components which catalyze multiple reactions are also present in Neurospora crassa, Aspergillus nidulans, and Saccharomyces cerevisiae (9, 16, 18, 21) Preparation and fractionation of extracts. For investigation of the enzymes, the powders from lyophilized materials were extracted and fractionated with protamine sulfate and solid ammonium sulfate as described (17) . A. variabilis and E. coli were broken in a Branson sonic oscillator (17) to obtain 40% saturation. After centrifugation, 6 .3 g of solid ammonium sulfate was added per 100 ml of supernatant fluid to reach 50% saturation. After another centrifugation, 6 .5 g of solid ammonium sulfate was added per 100 ml of supernatant fluid to bring the solution up to 60% saturation. After an additional centrifugation, 14.0 g of solid ammonium sulfate was added per 100 ml of the supernatant fluid to bring the solution to 80% saturation. b Not available because of instability or low activity.
tionated by the procedure outlined in Table 2 contained from 6 to 12 mg of protein per ml, except in the cases of Dipodascus uninucleatus, Physarum polycephalum, and Rhizophlyctis rosea for which the protein concentration of the crude extracts was from 1 to 2 mg per ml. Variation within this range did not alter the pattern of precipitation shown. With the exceptions noted below, more than 60% of activity present in the crude extracts was recovered in the ammonium sulfate fractions. Although no particular significance should be placed in the fractionation pattern of a given enzyme activity in the extracts of various organisms, the patterns of differential precipitation of the various activities are of significance and reveal some interesting similarities and differences. PR-transferase frequently did not precipitate at the same ammonium sulfate concentration as did the other enzymes but was recovered only after higher levels of saturation were reached. Tryptophan synthetase frequently was very unstable and could not be tested reliably. When this activity was present in sufficient amounts, it generally precipitated at a lower level of ammonium sulfate concentration than did the other activities. On the basis of the fractional precipitation of the remaining three enzymes (anthranilate synthetase, PRA isomerase, and InGP synthetase), three categories could be distinguished. The organisms listed in Table 2 are grouped into the three categories found. In the 11 organisms of the first group, anthranilate synthetase, PRA isomerase, and InGP synthetase precipitated at the same ammonium sulfate concentration. In the three organisms of the second group, anthranilate synthetase and InGP synthetase were recovered in the same precipitate, whereas PRA isomerase fractionated differently. In the third group, the fractionation behavior of the three enzymes was dependent on the presence of L-glutamine which, as mentioned, is necessary for maintaining anthranilate synthetase activity. In the presence of glutamine, all three activities precipitated in the same fraction; in the absence of glutamine, PRA isomerase and InGP synthetase were consistently precipitated at lower ammonium sulfate concentrations than in the presence of glutamine but the solubility of the remaining anthranilate synthetase was unchanged. In the absence of glutamine, however, only 10 to 20% of the anthranilate synthetase was recovered in these extracts.
The differential fractionation patterns suggested that the various strains fall into different categories with respect to the biochemical organization of the reactions of the tryptophan pathway. To determine the organizational pattern, ammonium sulfate fractions containing anthranilate synthetase, PR-transferase, PRA isomerase, and InGP synthetase were analyzed on sucrose gradients. When these activities did not appear in the same fractions, a range of ammonium sulfate fractionation was chosen which guaranteed the presence of all four activities in the same precipitate. Some differences were noted in relative ratios of the four activities in various strains. However, since the optimal reaction conditions were not determined for each strain, we have placed no special significance on these differences but rather have focused our attention on the distribution of each activity on sucrose gradients to detect possible differences in biochemical organization. In all but two instances, the recovery of activities on sucrose gradients ranged from 50 to 70%. In the two exceptions, the extracts from Cryptococcus and Travella, about 25 % of each of the activities was recovered.
Based on the sedimentation behavior of anthranilate synthetase, PR-transferase, PRA isomerase, and InGP synthetase, five different enzyme types could be distinguished (Fig. 2) . Three of these types have previously been described (16): from Neurospora crassa (type I), Saccharomyces cerevisiae (type II), and Escherichia coli (type V). PR-transferase, which was not included in the previous study, sedimented as a separate component in N. crassa and S. cerevisiae but was present in a complex with anthranilate synthetase in E. coli (23) . Another sedimentation pattern was found in Saporlegnia species (type IV): anthranilate synthetase sedimented as a separate component at approximately 7.5S, PR-transferase was observed also as a separate component at approximately 5.5S, and PRA isomerase and InGP synthetase occurred together in a peak corresponding to 3.55. Still a different sedimentation pattern was observed in Mucor hiemalis (type III). Anthranilate synthetase, PRA isomerase, and InGP synthetase were found in a common band in the 10.5S region in the presence of L-glutamine and EDTA. In the absence of glutamine and EDTA, anthranilate synthetase was unstable and only a small amount of anthranilate synthetase was detectable after sucrose gradient centrifugation in the 10.5S region, while PRA isomerase and InGP synthetase sedimented together at approximately 7.5S. PR-transferase sedimented at approximately 6S under both conditions. The addition or omission of glutamine or EDTA (or both) had no influence on the sedimentation behavior of the enzymes in the other types (types I, II, IV, V).
All of the fungi analyzed fell into categories I to IV, with the following minor aberrations in certain type I strains: the pattern shown for type Ten-drop fractions were collected and analyzedfor the activities. I (Fig. 2) was obtained with a derepressed trp-3 mutant of N. crassa. The wild-type 74-0R23-1A, however, exhibited a 7.5S shoulder of PRA isomerase and InGP synthetase, in addition to the main 10.5S component (Fig. 3) . The significance of this shoulder is not understood since it occurred in some purified preparations of the aggregate as well (18) . Another modification was observed in the zone centrifugation pattern of Coprinus lagopus: a band with all three activities occurred at approximately 10.55, accompanied by a shoulder with only anthranilate synthetase activity in the 6.OS region (Fig. 3) . No particular significance has been attached to these shoulders of activity in assigning these organisms to the type I category.
The distribution of sedimentation patterns in the various species is shown in Table 3 . Most widely distributed are the type I and III patterns and only a few representatives of types II and IV have been found. Type I was found in the chytridial fungi, in all higher ascomycetes and holobasidiomycetes tested, and in the myxomycete Physarum polycephalum. All strains of ascosporogenous yeasts (Endomycetales) had the type II pattern; no other organisms exhibited this pattern. Type III was found in all Zygomycetes, heterobasidiomycetes, and anascosporogenous yeasts tested. Both Oomycetes tested, as well as the blue-green alga Anabaena variabilis, fell within type IV. Although the presence of the type V pattern has been demonstrated by us only in E. coli, the same pattern may be expected for Salmonella typhimurium.
DIscussIoN
We shall consider these results from two distinct but related points of view. First, we will discuss the phylogeny of fungi from a consideration of the distribution of the enzyme patterns and then speculate on the possible evolution of the tryptophan enzymes. (Fig. 1). (ii) Changes in the enzyme organization are not likely to have been caused by simple, reversible mutational events. This assumption relies on the observation that, within any given group of clearly related organisms, only one type of pattern is observed (Fig. 4) Gaumann (19) is shown in Fig. 4 .
A consideration of this distribution reveals several significant features. The phycomycetes are separated into four groups, based on their flagellation (33) : the anteriorly biflagellated Oomycetes, the anteriorly uniflagellated Hyphochytriales, the posteriorly uniflagellated chytridial fungi (Chytridiales, Blastocladiales, and Monoblepharidales), and the nonflagellated Zygomycetes. Differences in cell wall composition (2, 38) and the lysine pathway agree with this subdivision (Table 4 ). Vogel (35) has shown that the diaminopimelic acid pathway of lysine biosynthesis is found in bacteria, blue-green algae, green algae, vascular plants, and Oomycetes, as well as in Hypochytriales, whereas all ascomycetes and basidiomycetes, the chytridial fungi, the Zygomycetes, and the euglenids show the aon November 13, 2017 by guest http://jb.asm.org/ Downloaded from ENZYME ORGANIZATION AND PHYLOGENY amino adipic acid pathway. The results of the data give further emphasis to the considerable analyses of the tryptophan enzymes are in good biochemical differences between "cellulose-fungi" agreement with this grouping and with a possible and "chitin-fungi," and the studies on both the polyphyletic origin of the phycomycetes. The lysine and tryptophan pathways point to a closer Ustilaginales ml Uredinales Agarico- relationship of the Oomycetes to other groups of organisms (e.g., blue-green and green algae) than to the "chitin-fungi." Further investigations are necessary to establish the possible algal or protozoal ancestors of all the groups of phycomycetes and especially the "cellulose-fungi" in order to determine whether the Oomycetes and Hypochytriales form a single phylogenetic group apart from the chytrids and Zygomycetes or whether two (or more) additional ancestral lines must be considered.
The relationship between the Chytridiales and the Zygomycetes will be discussed in connection with the possible origin of the ascomycetes.
The origin of the ascomycetes still remains in doubt; Gaumann (19) tentatively suggested the following relationships: Chytridiales -. Zygomycetes --Endomycetales --Aspergillales. On the other hand, other investigators, basing their phylogeny of the fungi on a floridean ancestry, regard both intermediary groups as reduction lines [see Bessey (7) for a discussion of the yeasts, and Chadefaud (11) (19) , and the presence of type I in the holobasidiomycetes, might be a clue to the polyphyletic origin of the basidiomycetes. However, again no ascomycetal forms have been found to possess type III of enzyme-aggregation which might represent possible precursors to the heterobasidiomycetes.
In addition to deriving these implications concerning the phylogeny of fungi, we can, with the original assumptions in mind, discuss the results with respect to evolution of enzyme organization. Bonner et al. (9) suggested that, in the case of tryptophan synthetase, a system of completely independent components under the control of distinct genes evolved to a system of interdependent components and finally gave rise to a single component system under the control of a single gene. Since the fungi are a group of organisms in which some general trends of evolution have been established, it is possible to consider the possible sequence of changes which has occurred in the organization of the tryptophan enzymes during the course of evolution of the various groups of fungi.
In nearly all examples studied, the enzymes PRA isomerase and InGP synthetase are catalyzed by a single component; organisms as distinct as the procaryotic E. coli, the ascomycetes N. crassa Although it is not possible to follow the course of evolution directly, the results and discussion presented here show that studies at the molecular level can provide useful parameters for considering possible phylogenetic relationships. Hopefully, the extension of these types of studies to other biochemical pathways and other organisms will eventually provide a clearer picture of the evolutionary history of existing organisms.
